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Introduction 41
Individuals vary greatly in the strength, specificity and efficacy of immune responses triggered by 42 infection (Frank 2002) . The maintenance of this variability by natural selection can be due to many 43 factors (Lazzaro & Little 2009 ) but theory suggests that the magnitude and type of costs associated with 44 the immune response play an important role (Boots et al. 2009 ). Variable immune defenses may thus 45 reflect the balance of costs and benefits of immunity at the individual level (Viney et al. 2005) . For 46 instance, misguided or overly strong immune responses may result in immunopathology that reduces host 47 fitness (Graham et al. 2005 ) and alters evolutionarily stable strategies for the rate at which hosts recover 48 from infection (Cressler et al. 2015) . In parallel, hosts pay resource costs of defense when they experience 49 a trade-off in the allocation of limited resources between the immune response and other physiologically 50 demanding life history traits (Lochmiller & Deerenberg 2000) . Indeed, in animals in both the laboratory 51 and the wild, the production of an immune response following exposure to novel antigens can increase 52 metabolic rates (e.g. Demas et al. 1997; Mendes et al. 2006 ) and reduce the energy allocated to other 53 costly activities (e.g. Råberg et al. 2000 ; Canale & Henry 2011). However, biomarkers of nutritional 54 physiology and immunology have never, to our knowledge, been tracked simultaneously nor used to 55 assess resource costs of immunity in a wild animal. Such an analysis would provide insights into how 56 different strategies of allocation of limited resources arise in hosts facing parasite and nutritional 57 challenges. 58
Many host taxa are reliant on proteins for both homeostasis and immunity, and proteins are thus likely to 59 be at the center of resource costs of immunity. Albumin and total immunoglobulin G (IgG), in particular, 60 represent 80-90% of the mammalian blood plasma protein pool at any given time and albumin alone 61 represents a very high fraction (Sand et al. 2015) . These proteins also exhibit dynamic variation in their 62 relative concentrations as they fulfill vital physiological roles. Albumin synthesis in the liver is very 63 plastic, for example, with the potential for rapid decreases in response to fasting (Peters 1985) or 64 inflammation, followed by rebounds when protein nutrition is restored (Morgan & Peters 1971 ). Albumin 65 is instrumental in the maintenance of osmotic pressure, the mechanism by which fluids are kept within the 66 blood circulation (Mazzaferro et al. 2002) . IgGs, by contrast, are among the main effectors of the humoral 67 immune response (Manz et al. 2005) . Albumin and IgG share the particularity of being the longest lived 68 of all plasma proteins, with half-lives of 19-21 days in humans (Sand et al. 2015) and around 14 days in 69
sheep (Fell et al. 1969; Smith et al. 1976 ). These long half-lives arise because both are protected from 70 intracellular catabolism pathways through recycling mechanisms involving the neonatal Fc receptor FcRn 71 (Pyzik et al. 2015) : both IgG and albumin can bind this receptor at the acidic pH of endosomes and be 72 returned to the circulatory system unscathed. While the role of FcRn in recycling both IgG (Junghans & 73 Anderson 1996) and albumin (Chaudhury et al. 2003 ) has been mostly studied in humans, similar roles 74 for FcRn in maternal immunity and IgG metabolism have been shown in ruminants, although whether 75 they also extend to albumin remains to be determined (Cervenak & Kacskovics 2009) . 76
Here, we propose that the abundance, physiological importance and shared recycling pathways of 77 albumin and IgG make these molecules likely to be central to quantifying both host condition and any 78 protein costs of humoral defense. For instance, individuals that maintain high albumin and 79 immunoglobulin concentrations may be better than others at protein acquisition (for instance through 80 better foraging and/or selection of grazing grounds) but are potentially also better at recycling IgG and 81 albumin. Such a recycling strategy may promote individual "condition" (for the purpose of this study, 82 defined as an individual's ability to acquire, assimilate and/or maintain circulating protein concentrations) 83 and could prove particularly beneficial during periods of resource scarcity and malnutrition. Independent 84 of varied condition, individuals may also experience a trade-off between investment in albumin and 85 immunoglobulins (arguably representing a protein cost of immunity): nutrients used to produce one type 86 of protein would not be available to produce the other one, especially when resources are scarce. Such 87 trade-offs can be obscured by other quantitative traits (Pemberton 2010 ) and might only become apparent 88 after differences in nutrient acquisition, assimilation and/or maintenance are taken into account (van 89
Noordwijk & de Jong 1986). 90
Proteins synergise with fats to provide crucial nutrients for mammals during times of scarcity. In wild 91
Northern ungulates, winter represents an important energetic bottleneck because of the low nitrogen 92 content of winter forage (Owen- Smith 2002) . Animals must therefore rely on resources stored during the 93 summer and autumn grazing periods and the levels of body protein and fat attained may be more 94 important to survival than total body weights (Adamczewski et al. 1987 ). Fat appears to be the most 95 important energy store (Parker et al. 2009 ), but the importance of protein catabolism as an alternative 96 energetic resource increases with the severity of winter. Indeed, proteins appear to be used at a faster rate 97 when fat stores approach depletion in wild ungulates exposed to harsh winter conditions (in caribou: However, the contributions of varied nutritional plane or individual condition to varied antibody titers are 115 unknown, and the role of nutrition has been studied during only one crash: Gulland (1992) collected gross 116 pathological evidence consistent with severe malnutrition at the time of death and showed a marked 117 decline of several physiological markers of protein nutrition, including albumin, in surviving individuals. 118
Here, we investigate how summer protein and antibody concentrations were associated with subsequent 119 survival of adult female sheep during three high mortality winters. We expect the combination of markers 120 to jointly reflect condition (i.e. the ability to acquire, assimilate and maintain plasmatic protein levels) and 121 have a positive effect on overwinter survival. Further, we hypothesize that once varied condition is taken 122 into account, our analysis may reveal a resource allocation trade-off between antibodies and maintaining 123 nutritional plane that would further impact survival probabilities. 4°C. Within 24 hours of collection, plasma is separated by centrifugation (10 000g, 10 minutes), aliquoted 133 and stored at -20°C. The current study centers on three overwinter mortality events (population 'crashes') 134 that occurred during the winters of 1998-1999, 2004-2005 and 2011-2012. 135 We focus on female sheep that were at least 2 years of age when sampled in August prior to a crash. This 136 age and sex group represents the most abundant host type in the population. Concentrations of Anti-137
Nuclear Antibodies (ANA) and IgG directed against L3 stage larval antigens of T. circumcincta were 138 already available for samples collected during the August preceding the first two crashes studied here 139 (Graham et al. 2010; Nussey et al. 2014) . Data on T. circumcincta-specific IgG from August 2011 were 140 also available (Watson et al. submitted) . In order to measure ANA for the 2011 samples, we modified a 141 commercial kit developed to measure ANAs in humans (Orgentec ANA detect, Orgentec, Germany). This 142 kit contains the same antigens used to measure ANA previously and we followed the modified protocol 143 for sheep (Graham et al. 2010) . 144
In plasma collected in the August prior to the three crashes, we assessed the protein nutritional status of 145 individuals by measuring concentrations of albumin and total proteins (TP; used to correct for varied 146 overall fluid concentrations because sample volume and field constraints made it impossible for us to 147 directly measure plasma colloid osmotic pressure or plasma osmotic concentration in this study). The 148 assays were first validated for small sample volumes using domestic sheep plasma samples, so that the 149 final volume of sample required for duplicate assays was 10 µL. Total proteins were measured using a 150 classical colorimetric assay based on the Coomassie assay. Briefly, plasma samples were diluted 1:100 in 151
Milli-Q water and 10µL of diluted sample was added to each well in a 96-well plate. Subsequently, 152 300µL of Coomassie reagent (Coomassie Plus Reagent, Thermo Scientific, USA) were added to each 153 well. Plates were then placed in a spectrophotometer, shaken for 45 seconds and incubated for 10 minutes 154 at 23°C. After incubation, optical densities (OD) were read at 595nm. Another colorimetric assay was 155 used to measure plasma albumin. Plasma samples were diluted 1:4 in Milli-Q water and 5µL of diluted 156 sample was added to each well in a 96-well plate. In each well, 200µL of BromoCresolGreen reagent 157 (Quantichrom BCG albumin assay, BioAssay Systems, USA) was carefully added. Plates were then 158 placed in a spectrophotometer, shaken to eliminate bubbles and incubated for 5 minutes at 23°C. After 159 incubation, OD values were read at 620nm. For both albumin and total protein assays, all samples were 160 run in duplicate. In addition, 8 ovine albumin standards of known concentrations were run in duplicate on 161 each plate, allowing plate-specific standard curves to be used to calculate the concentration of a sample 162 based on the mean measured OD across the duplicate wells. Standard curves were fitted to the average of 163 the 2 standards on each plate separately using a 4 parameter logistic regression with the package "drc" in 164 R version 3.2.1 (Ritz & Streibig 2005) . OD values for all samples fell in the intermediate, quasi-linear, 165 portion of their respective standard curves. 166
We analyzed data on a total of 285 females for which all 4 markers of interest (ANA, anti-T. circumcincta 167 IgG, total proteins and albumin) were available. We then evaluated their separate and combined power to 168 predict subsequent survival, using Generalized Linear Mixed Models (GLMM) as described below. Next, 169
we performed a Principal Component Analysis of the physiological data using the package 'FactoMineR' 170 (Lê et al. 2008 ) in R 3.2.1. We elected to include total proteins in the PCA not only to correct for possible 171 variations in plasmatic concentration due to varied hydration levels (e.g. Horowitz & Samueloff 1979) but 172 also because it contains additional information neither included in albumin or the specific 173 immunoglobulins we measured. Our aim was not reduction of dimensionality per se, but instead to parse 174 the joint as well as distinct effects of nutrition and immunoglobulins upon survival. This approach allows 175 the conversion of our originally weakly correlated variables into orthogonal (i.e. uncorrelated) predictors 176 without loss of variance, which can then be used in further statistical analyses (e.g. Stoddard et al. 1988; 177 Arnqvist & Tuda 2010). We focused our analysis on the first two principal components (PC), which 178 accounted for the majority of the variance (Table 1) . We assessed associations of PC1 and PC2 scores 179 with August body weight, August body weight conditioned on hind leg length, and reproductive success 180 (i.e., having given birth or not) in the preceding spring. We then determined how PC1 and PC2 were 181 associated with overwinter survival. Using the ratio of albumin to total proteins to correct for variations in 182 hydration results in similar principal components and the associations with survival we report are also 183 recovered when using this other approach. are also available (see Craig et al. 2006 ). We used GLMMs to estimate the association between 189 overwinter survival and these various predictors, in addition to the raw and decorrelated marker data. The 190
year of capture was used as a random effect, though our inferences were robust to year fitted as a fixed 191 effect. Too few individuals were observed on more than 1 occasion in this dataset (23 individuals in total; 192 20 between 1998 and 2004 and 3 between 2004 and 2011) to allow the fitting of a random effect of 193 individual identity. In all models, body weight (mean-centered and scaled to unit variance) was added as a 194 predictor of overwinter survival following previous work (e.g. Nussey et al. 2014 ). Furthermore, we 195 assessed whether reproductive success the previous spring was predictive of subsequent crash survival. 196
We also used age as a predictor of overwinter survival, either as a continuous variable or through age Within individual sheep, the correlation structure among the markers was complex (see Table S1 ), with 207 albumin and IgG uncorrelated. Each of the four markers was significantly (or marginally non-208 significantly) associated with overwinter survival, either as a main effect or through an age-dependent 209 interaction. The set of best models predicting survival (see Table S2 ) consistently included IgG and 210 various combinations of the other three predictors, with or without interactions with age. Interestingly, no 211 interactions among markers, including albumin with IgG, were retained in the set of best models (all 212 p>0.5). However, these analyses do not resolve whether the association of survival with IgG, for 213 example, reflects variation in resource acquisition and allocation. 214
Consequently, we performed a Principal Component Analysis ( Figure S1 ; Table 1) while low values represent an investment skewed towards antibodies. As with PC1, we found no evidence 224
for an association with weight (R 2 =0.003, p=0.16) even after accounting for body size (R 2 =0.001, 225 p=0.25). PC1 and PC2 were not associated with reproductive success the preceding spring or with 226 nematode burden (estimated as fecal egg count, or FEC; all p>0.5). Finally, PC3, accounting for 16% of 227 the total variance, captured differences between ANA (loading positively) and anti-T. circumcincta IgG 228 (loading negatively). 229
We next used PC1 and PC2 scores along with weight, age, recent reproduction, and parasite burden as 230 predictors in GLMMs of overwinter survival. When we modeled categorical age classes ( Figure 1 ). PC2 was also significant, through an interaction 234 with age class (PC2*age class: z = -2.84, p = 0.004). In prime-age individuals (Figure 2 , blue curve), 235 overwinter survival decreased with increasing values of PC2, indicating that the probability of survival 236 increased with increasing investment in immunoglobulins. Older individuals were instead more likely to 237 survive when maintaining albumin in relation to total proteins as indicated by the positive survival 238 association of PC2 in that age class (Figure 2 , green curve). When we performed the same analyses using 239 age as a continuous variable (Table 2, bottom row), a comparable model (including the interaction) was 240 selected as best, although the support for the interaction was less strong (PC2*age: z = 1.98; p = 0.048). 241
Neither recent reproductive success nor August nematode fecal egg counts (FEC, used as log(FEC+1) to 242 account for overdispersion) were significantly associated with survival (both p> 0.5). structure between the different markers potentially reflects conflicting processes: variations in acquisition, 251 assimilation and/or recycling would result in positive associations between albumin, antibodies and total 252 proteins while differential allocation to albumin versus immunoglobulins would conversely result in 253 negative associations. We thus further aimed at better parsing joint and distinct effects among these 254 biomarkers using a PCA. We first found a novel, weight-and size-independent metric of individual 255 condition that maximises individual survival. Further, a trade-off between protein nutritional plane and 256 antibodies, which might otherwise have been obscured (van Noordwijk & de Jong 1986; Pemberton 257 2010), became apparent once the variation in resource acquisition, assimilation and/or maintenance was 258 taken into account. 259
We found that the first principal component was a powerful predictor of survival, consistent with PC1 2002), robust liver physiology, including production and recycling of plasma albumin, appears 285 particularly important to overwinter survival when mass starvation occurs (Gulland 1992) . In other words, 286 when resource acquisition becomes near-impossible in winter, individual variation in assimilation or 287 recycling could become paramount. Interestingly, FcRn is expressed in hepatocytes and can prevent 288 leaking of both IgGs and albumin in the bile (Sand et al. 2015) . Sheep with higher PC1 scores may thus 289 be the ones that better maintain plasma proteins in the face of malnutrition, potentially through increased 290 levels of FcRn expression. Further studies will be necessary to understand the potential physiological 291 importance of protein recycling in this system and in other wild ungulate populations. Additional analyses suggest that our conclusions are robust to various potential confounders. Our 308 biological interpretation of the survival analysis using these principal components as predictors was 309 confirmed by analysis using the raw variables, which likewise revealed age-dependence of the nutritional 310 effects (Table S2 ). The interpretation of relationships between immunological and ecological variables is 311 instance on the quality and quantity of available forage (Herfindal et al. 2006) . However, such effects 315
were not present in our case. Using the year of capture as a fixed effect, we checked for significant 316 interactions between the principal components and the year of capture: neither interaction was significant 317
(PC1 x Year of capture: p = 0.40; PC2 x Year of capture: p = 0.63), while the best model retained a 318 similar structure (albeit with Year of capture as a significant predictor indicating variable survival 319 between years). Storage represents another potential bias likely to create year-to-year variations in long-320 term studies such as the one presented here. Long-term storage, for example, may result in degradation of 321 proteins, such that lower levels would be found in older samples. However, this is likely not a concern 322 here, as the lowest levels of total proteins in Soay sheep were found in the most recent year sampled (see 323 Figure S2 ) and given consistency of survival predictors across years. 324
We also did not find associations between protein nutritional markers and parasite burden estimated as 325 FEC. In this population, FEC are highest in lambs (Hayward et al. 2014a ), on whom parasite-mediated 326 selection is strongest between crashes (Hayward et al. 2011) . It is thus perhaps unsurprising that we did 327 not detect associations of FEC with malnutrition or survival in ewes. There are, however, reasons to 328 expect nutrition to interact with parasite burdens. For example, when parasites interfere with resource 329 allocation and actively suppress immunity, low resource acquisition rates may result in stagnating 330 immune defense and increased parasite loads (Cressler et al. 2014 ). This 'negative spiral' has been 331 described for naturally helminth-infected humans (e.g. Crompton & Nesheim 2002) and experimentally-332 infected rodents (Koski & Scott 2001) and proposed as a crucial general framework in disease ecology 333 (Beldomenico & Begon 2010). However, evidence for the negative spiral is scarce in other species, in 334 particular in the wild. This may be because, while sound immunological tests for non-model species are 335 increasingly available (Garnier & Graham 2014) , the assessment of the nutritional status of an animal in 336 wild settings remains difficult (Wagner et al. 2013 ). In the context of estimating the costs of immunity, 337 body weight is often used as a marker of condition (Lochmiller & Deerenberg 2000) , but is not 338 necessarily an adequate currency to reflect differential investment in different resource compartments 339 such as fat or proteins. Similarly, in ungulates, protein and fat resources are often assessed using 340 Table 2 : AIC, log likelihood and estimates (± SE) for the best models of winter survival probability of the 563 Soay sheep as a function of the Principal Components (PC1 and PC2), with age being modelled as a class 564 ("AgeClass") or as continuous ("Age"). All models include the year of capture as a random effect 565 ("1|CapYear" following the syntax of the 'lme4' package in R). Weight at the time of capture is also 566 included, after mean centering and scaling to unit variance ("stdWeight"). Age is modeled as an age class. Blue curve represents the mean, and the shaded area around this 571 represents the associated 95% confidence interval. Green dots represent sheep surviving the winter while 572 red dots are for sheep that died in the winter following plasma sampling. Figure S1 : Correlation circle of the first two Principle Components of the Principal Component Analysis. All four markers cluster on PC1, while PC2 separates nutritional proteins (Albumin, Total Proteins) from antibodies (Anti-Nuclear Antibodies (ANA), Anti T. circumcincta IgG).
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Figure S2:
Interannual dynamics of total protein plasmatic levels. We used a linear model to assess the effect of year of capture on the levels of plasmatic TP and found an overall significant effect (F = 10.80; p < 0.001). Post-hoc analysis showed that levels in 1998 and 2004 were indistinguishable (estimate 2004-1998: -0.06 ± 0.17; p = 0.91), but that sheep caught in 2011 had significantly lower levels than sheep caught in 1998 (estimate 2011-1998: -0.63 ± 0.15; p < 0.001) or 2004 (estimate 2011-2004: -0.56 ± 0.15; p < 0.001). Overall, this pattern is the opposite of what would be expected if proteins had been degraded over long periods of storage. However, it justifies inclusion of total protein in analyses of albumin and immunoglobulin data as well as a random effect of capture year, to ensure that differences among years are taken into account in our multi-year survival analyses. .
